Introduction
Fatty acid-binding protein 4 (FABP4), also known as A-FABP or aP2, is highly expressed in mature adipocytes and activated macrophages. It plays an important role in maintaining glucose and lipid homeostasis [1, 2] . Disruption of FABP4 in mice prevented them from developing diet-induced insulin resistance [3, 4] . Population genetic studies showed that a genetic variant of FABP4 reduced FABP4 expression in the adipose tissue of human beings, resulting in lower serum triglyceride levels and significantly reducing the risk of developing type 2 diabetes [5] . Total or macrophage-specific gene deletion of FABP4 was shown to suppress the process of atherosclerosis in apolipoprotein E-deficient mice [6] . Thus, inhibitors of FABP4 have been considered potential drug candidates for diabetes and atherosclerosis [7] . Benzbromarone (BBR), an old uricosuric drug, has been widely used as a therapeutic agent for hyperuricemia for 30 years [8] . In this study, we discovered that BBR was an inhibitor of FABP4. Because FABP4 inhibitors confer beneficial effects against diabetes [7] , both in vitro and in vivo, the anti-diabetic activities of BBR were evaluated. Furthermore, to reveal the binding mechanism of BBR in the active site of FABP4, molecular docking and point mutation studies were carried out.
DNA sequence analysis. Rosetta bacterial cells (purchased from Transgene) that had been transformed with a pET28a plasmid encoding a His-tagged human FABP4 were grown in Luria-Bertani (LB) medium. To induce protein expression, the cells were incubated with 0.8 mmol/L isopropyl-β-Dthiogalactoside (IPTG) in the medium for 4 h. The cells were then harvested by centrifugation and lysed in ice-cold lysis buffer [20 mmol/L HEPES (pH 7.5), 500 mmol/L NaCl and protease inhibitor cocktail solution (Sigma-Aldrich)]. The debris was pelleted by centrifugation at 12 000×g for 45 min at 4 °C. Finally, His-tagged FABPs were isolated by nickelaffinity chromatography; the purity of the isolated proteins was verified by SDS-PAGE.
In vitro FABP4 inhibition assay
The inhibitory activities of the compounds (BBR and linoleic acid) against wild-type and mutated FABP4 were evaluated using the 1,8-ANS displacement assay developed by Kane and Ber with some modification as described previously [9] . Briefly, 10 μmol/L of 1,8-ANS in phosphate buffered solution (PBS, pH 7.4) was mixed with FABP4 protein (10 μmol/L, final concentration). Compounds at varying concentrations were added and incubated for 3 min at room temperature. The fluorescence signal at 370 nm (excitation)/470 nm (emission) of the assay system was then determined with a Flexstation III instrument (Molecular Devices, CA, USA).
Analysis of adipocyte lipolysis
Mouse 3T3-L1 preadipocytes were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% newborn calf serum (NCS). Cells were seeded in 48-well plates for differentiation. Two days after confluence, a mixture containing 0.1 mmol/L 3-isobutyl-L-methylxanthine, 1 μmol/L dexamethasone and 2 μg/mL insulin was added to the DMEM with 10% fetal bovine serum (FBS) to create an induction medium. After 48 h, cells were switched to differentiation medium containing DMEM with 10% FBS plus insulin (2 μg/mL). Thereafter, the differentiation medium was replaced every 2 d. After 8 d, cells were treated with different concentrations of BBR or with DMSO (final concentration 0.2%) for 24 h. On the day of lipolysis experimentation, cells were incubated in Krebs Ringer HEPES buffer for 2 h in the presence or absence of 20 μmol/L forskolin. To determine lipolysis, glycerol levels in supernatants were measured using a commercial glycerol assay kit (Applygen Technologies Inc, China).
Treatment of db/db diabetic mice with BBR Male C57BL/KsJ-Lepdb (db/db) mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Animals were maintained in a light-dark (12-12 h) cycle at a temperature of 23 °C with free access to regular chow and drinking water. To investigate the anti-diabetic effect of BBR in db/db mice, 8-weekold male db/db mice were divided into three groups (n=8/ group) and were given vehicle (0.5% sodium carboxyl methyl cellulose, CMC-Na) or BBR (25 or 50 mg/kg body weight) by gastric lavage for 4 weeks. The body weight and food intake of the mice were regularly recorded. After fasting for 6 h, the blood of each animal was obtained via the tail vein, and the glucose concentration was measured by a glucometer (OneTough Ultra, Lifescan). At the end of the experiment, mice were fasted for 12 h for the oral glucose tolerance test (OGTT) and 6 h for the insulin tolerance test (ITT) as described [10] .
Molecular docking
Molecular docking was carried out using AutoDock4.2 software [11] . The X-ray structure of FABP4 bound with the inhibitor BMS309403 (PDB ID: 2NNQ [12] ) was retrieved from the Protein Data Bank (http://www.rcsb.org/pdb) for docking calculation. Water, buffer molecules and ions were all removed. To prepare both the protein and BBR, all hydrogens were added, Gasteiger charges were computed, and then nonpolar hydrogens were merged. The active site was defined by a grid box as large as 60×60×60 points with a grid spacing of 0.375 Å using AutoGrid4. The box was centered on the center of BMS309403 in the crystal structure. The protein was considered rigid for the docking study. The docking parameters were set as follows: ga_pop_size=150 (number of individuals in population), ga_run=200 (the number of dockings that were performed); other parameters were set to the software's default values. The Lamarckian genetic algorithm was used to account for protein-ligand interactions. Finally, the conformation was selected taking into account both the predicted binding free energy and binding modes in the FABP4 active pocket.
Statistical analysis
The IC 50 values of BBR and LA for FABP4 were determined by nonlinear regression using GraphPad Prism software (San Diego, CA, USA). Statistical significance of the data were assessed using a one-way analysis of variance (ANOVA) followed by Dunnett's test. P<0.05 and P<0.01 indicate significant differences compared with the control.
Results
The discovery of BBR To discover inhibitors of FABP4, the inhibitory activity against FABP4 of our in-house chemical library, which is composed of 232 compounds, was determined. Preliminary screening was performed at the concentration of 100 μmol/L for each compound. Compounds that exhibited an inhibition rate greater than 50% at 100 μmol/L were selected for further IC 50 value determination. The results showed that four compounds had IC 50 values lower than 100 μmol/L. The best inhibitor of BBR was an old uricosuric drug with an IC 50 value of 14.8 µmol/L ( Figure 1A ). The inhibitory activity of BBR is similar to that of linoleic acid (an endogenous ligand of FABP4) ( Figure 1A ).
BBR inhibited lipolysis in 3T3-L1 adipocytes
Targeted deletion or chemical inhibition of FABP4 was reported to decrease lipolysis in adipocytes [13, 14] . Thus, we assessed whether BBR could modulate the levels of lipolysis. The results showed BBR significantly reduced forskolin- In vivo anti-diabetic activity of BBR on db/db mice The in vivo anti-diabetic activity of BBR was evaluated in db/db mice. After 4 weeks of treatment with BBR at a dose of 25 or 50 mg/kg, the fasting-blood glucose was reduced in the BBR-treated db/db mice compared with the vehicle group ( Figure 2B ). In addition, BBR-treated mice showed an obvious decrease in blood glucose levels during OGTT and ITT in a dose-dependent manner (Figure 2) . The above results indicated that BBR could lower blood glucose levels and improve glucose tolerance and insulin resistance in the db/db mouse model.
Interaction mechanisms between FABP4 and BBR
To investigate the interaction mechanism between BBR and FABP4, molecular docking (via software AutoDock4.2 [11] ) was carried out. The best conformation of BBR was selected mainly considering the free binding energy (the lowest free binding energy value for BBR is -8.31 kcal/mol). The binding mode demonstrated that the 3,5-dibromo-4-hydroxyphenyl moiety of BBR is nicely accommodated in a lipophilic pocket defined by Phe16, Tyr19, Met20, Val25, Thr29, Ala33, Phe57, Figure 3A) . Moreover, the carbonyl group of BBR forms stable polar interaction with Arg126, a critical residue for the binding of inhibitors [12, [14] [15] [16] [17] . In addition, the oxygen atom in the benzofuran of BBR forms a hydrogen bond with Ser55 ( Figure 3A) . It is also noted that BBR occupies a corner of the large binding pocket of FABP4. Thus, introducing a large group to the benzofuran moiety might enhance the binding affinity of the compounds to FABP4 ( Figure 3A) .
Point mutation
To verify our predicted binding mode of BBR and FABP4, residues Ser55, Asp76, and Arg126 were experimentally substituted with an Alanine (Ala). The inhibitory activities on mutants by the endogenous ligand of FABP4 and BBR were evaluated. The inhibitory activities were determined as described in the Materials and methods section. Because linoleic acid (one of the endogenous ligands of FABP4) has the most stable activity against FABP4 in our study, we used linoleic acid as the control compound in our experimental system. However, no complex structure of FABP4 and linoleic acid has been reported. Fortunately, we obtained the complex of FABP4-PA (palmitic acid) and FABP4-ACD (arachidonic acid) from the PDB databank. Moreover, fatty acids bind in similar conformations in the FABP4 active site [18, 19] . The structure shows that the carboxylic acid group of the fatty acid forms stable polar interactions with the key residues Arg126 and Tyr128. Additionally, the aliphatic chain is located in the hydrophobic site of the pocket. Residue Asp76 is close enough to the carbon chain of the fatty acid to form Van der Waals interactions, while Ser55 is more distant ( Figure 3B ). Our mutation studies demonstrated that for linoleic acid, the inhibition rate of the R126A mutants markedly decreased at both 20 µmol/L and 50 µmol/L (Table 1, Figure 3D ). For the D76A mutants, the inhibition rate was reduced by approximately 10% at a concentration of 50 µmol/L. However, little change was observed in the ability of linoleic acid to inhibit both the wild type and the S55A mutant (Table 1, Figure 3D ). These results indicated that Ser55 in FABP4 is not important for linoleic acid binding. Asp76 might form Van der Waals interactions with linoleic acid while Arg126 is essential for linoleic acid binding. Therefore, our results are consistent with the reported binding modes between FABP4 and fatty acids. The results also confirmed the power of mutagenesis for verifying the binding between proteins and ligands. For BBR, inhibition of D76A decreased by more than 20% at both 20 µmol/L and 50 µmol/L (Table 1, Figure 3C ), and the inhibitory rate was also obviously reduced for Ser55A and R126A (Table 1, Figure 3C ). These data demonstrated that residues Ser55, Asp76, and Arg126 of FABP4 are important for binding with BBR. 
Discussion
Inhibitors of FABP4 are potential anti-diabetic drugs. Of a series of chemical inhibitors of FABP4 that was discovered over the last decade [12, [14] [15] [16] [17] , the selective inhibitor BMS309403 was proven to be effective for improving insulin resistance in the ob/ob mouse model and can ameliorate the symptoms of atherosclerosis [7] . However, none of these compounds are in clinical development. Our in vitro data showed that the wellknown uricosuric drug BBR inhibits FABP4 with an IC 50 value of 14.8 µmol/L, which was similar to the activity of the endogenous ligand, linoleic acid, against FABP4 ( Figure 1A ). Finding new applications for old drugs represents a very promising strategy for drug discovery with obvious advantages, including optimal ADME/T properties. The inhibitory activity of BBR on FABP4 made us wonder if BBR could have new applications in treating type 2 diabetes. Therefore, the cellular and in vivo activities of BBR were characterized in our study. Our results demonstrated that BBR could significantly reduce forskolin-stimulated lipolysis in 3T3-L1 cells ( Figure 1B) and improve blood glucose levels, glucose tolerance and insulin resistance in db/db diabetic mice (Figure 2 ). These results are consistent with the reported results of small molecular inhibitors of FABP4 [7] , indicating that BBR is an inhibitor of FABP4 and that it could be effective against diabetes in db/db mice.
However, it was reported that BBR was also an activator of PPARγ (peroxisome proliferator-activated receptor γ), which is a well-known target of anti-diabetic drugs. Thus, it may be assumed that the observed anti-diabetic effects of BBR are attributable to a multi-target mechanism. The study showed that BBR activates PPARγ at a concentration of 100 μmol/L. However, the EC 50 value is much higher than 10 μmol/L, which means that BBR is a very weak activator of PPARγ (the EC 50 value is 40 nmol/L for the well-known PPARγ activator rosiglitazone) [20] [21] [22] . In addition, BBR could inhibit the lipolysis of mouse 3T3-L1 adipocytes while agonists of PPARγ were reported to increase rat adipose tissue lipolysis [23] . Moreover, during treatment with rosiglitazone, the daily food intake increased and adipose tissue weight increased for ob/ob mice [24] . In our study, no significant change was observed in adipose tissue weight and daily food intake (Supplemental Figure S1 ). Therefore, we deduced that inhibition of FABP4 is the primary effector of the observed in vivo anti-diabetic effect of BBR.
To investigate the mechanism of interaction between FABP4 and BBR, a molecular docking strategy was applied. Three important residues (Ser55, Asp76, and Arg126) were observed to form essential polar interactions between FABP4 and BBR. To verify our predictions, we carried out site-directed mutagenesis studies. Ser55, Asp76, and Arg126 were mutated to Alanine. We first tested the effects of linoleic acid on the mutants. The results were consistent with the reported studies, which confirmed the efficacy of using mutagenesis for studying binding between proteins and ligands. For BBR, the inhibitory activities were reduced for all the mutants (Table 1) , indicating the importance of these residues (Ser55, Asp76, and Arg126) in binding with BBR. Therefore, the above results confirmed our predicted mechanism of interaction between FABP4 and BBR. Furthermore, we also performed molecular docking studies between BBR and the mutated proteins (the mutated proteins were obtained using the software Pymol). The trend of the estimated binding free energies (Supplemental Table S1 ) was in agreement with that of the inhibitory rates from experimental data ( Table 1) . These results again confirmed the binding mode of FABP4-BBR. Moreover, these data also implied that docking (rigid docking) is a reliable method for studying the interactions between FABP4 and BBR.
The hepatotoxicity of BBR was reported in 2003, leading to its withdrawal from the markets of some European countries [25, 26] , which should be taken into account if BBR is developed as a new anti-diabetic drug. Therefore, structural optimization of BBR to reduce its hepatotoxicity will be a major research direction in the future. The binding mode that we presented here should be helpful for the structural optimization.
In summary, we demonstrated that BBR, a uricosuric drug, is an inhibitor of FABP4. Its anti-diabetic activity on db/db diabetic mice might be mediated through its multi-target binding mechanisms, and FABP4 should play a main role. Molecular docking and point mutations studies revealed that Ser55, Asp76, and Arg126 are the key residues of FABP4 that bind with BBR. This work indicated that BBR might be a new potential therapeutic agent for type 2 diabetes, and our study also should be an important reference for further design of novel inhibitors of FABP4. 
